Extensive variation of amylase activity in adults and 3rd instar larvae was found among D. virilis strains homozygous for both Amy' allele and Amys allele. The activity in adult is not correlated with that in larva, suggesting that the amylase activity is differently regulated between the two stages, although the same amylase locus is expressed. Cross experiments between the strain with the highest activity and the strain with the lowest activity reveal that amylase activity in adult is an additive character and that amylase activity co-segregates with amylase genotype. Electrophoretic zymogram of the F1 progeny and the mixture of the parents suggested that the genetic factors for amylase activity are probably not identical to the Amy and that they are likely to operate on the activity determination in a trans-active manner.
INTRODUCTION
In modern biochemical genetics one of the most intriguing problems is the eukaryotic regulatory system of genes. Using inbred house mice and Drosophila, many workers have directed their studies towards elucidating the function of so-called regulatory genes (Swank et al. 1973; Paigen et al. 1975 Paigen et al. ,1976 Dickinson 1975 ) and the genetic organization of regulatory genes in relation to structural genes (Chovnic et al. 1976; Abraham and Doane 1978) , but much remains still obscure. On the other hand, it has been proposed that adaptive evolution mainly occurs through changes in regulatory systems rather than those in structural genes (Wilson 1976) . In order to approach this problem, population geneticists have tried to analyze variation of enzyme activity in natural populations of Drosophila. One of the enzymes most studied is alcohol dehydrogenase (ADH) in D. melanogaster.
Extensive variation in the activity of this enzyme has been reported in natural populations (Ward 1974; Hewitt et al. 1974) . Moreover, it has been demonstrated that such variation is, at least in part, due to variation in regulatory genes rather than the Adh structural gene (Ward 1974 (Ward , 1975 McDonald and Ayala 1978) . McDonald et al. (1977) have shown that modifiers of regulatory genes controlling ADH activity play an important role in the adaptation of flies to alcohol environments.
Another well-studied enzyme is amylase, whose function including the digestion of large molecules of carbohydrate in food is relatively well-known (Doane 1969) . In D. melanogaster two closely linked amylase loci (Amy) are known (Bahn 1967) , probably recently arisen through gene duplication. It is likely that these two loci are independently regulated (Doane 1969) . Abraham and Doane (1978) have shown that there are variations in the distribution pattern of this enzyme in adult mid-gut, and have mapped the gene controlling this pattern on the second chromosome which carries the Amy. Using the same technique, Powell and Lichtenfels (1979) and Powell (1979) have extensively surveyed variation in the distribution pattern of amylase in the adult mid-gut of D. pseudoobseura and have shown that an extensive polymorphism exists in natural populations.
In the series of the present study, we will report on the genetic regulation of amylase activity in Drosophila virilis. This enzyme system is very suitable for this kind of study, because in addition to the interests mentioned above, biochemical handling of the enzyme is very easy, because of its high stability and its activity being present in flies in large amounts. Moreover, proceduers of determining activity and purification are well-established (Doane et al. 1975 ; Silvanovich and Hill 1976) . We have chosen D, virilis as the material for investigation for the following reasons.
(1) The structural locus of amylase (Amy) in this species is exactly mapped on the fifth chromosome to 67.5 ± (Kikkawa 1963) . (2) The Amy of this species is highly polymorphic in natural populations with respect to two alleles, AmyF and Amys (Ohba et al. 1974 (Ohba et al. , 1976 , so comparisons can be made between the polymorphism in regulatory system (if there would be) and the structural locus polymorphism. (3) D. virilis has many relatives (virilis species group), some of which easily produce interspecific hybrids with virilis and with each other and whose phylogeny is well-known (Paterson and Stone 1952) ; this makes it possible to study the evolution of regulatory systems in the course of speciation.
As a first step, we report in this article that extensive variation in amylase activity exists among laboratory strains. Discussion is made about the mechanisms responsible for this variation.
MATERIALS AND METHODS

Strains
All strains used in this study except for the TK inbred strain were derived from wild-caught flies collected from a brewery factory in Tokyo in 1976. Ten strains were made homozygous for the Amy' (designated F , the fast electrophoretic mobility allele) and eight strains for the Amys (designated S, the slow electrophoretic mobility allele). Each strain had been maintained for about two years in a small mass culture, followed by eight generations of pairmatings. Thus, each strain is thought to be highly inbred, although perhaps not completely homozygous.
Whole body homogenate
All the flies used in the amylase assay were cultured at 25°C in non-sugar media with 0.8% agar, 8 % brewery yeast (Ebios). In order to study the developmental profile of amylase activity, appropriate numbers of adult flies, pupae, and larvae were homogenized in mass in a 0.05 M phosphate buffer containing 0.025 M NaCI, pH 7.1. The homogenates were centrifuged at 29,000 X g for 20 min at 0°C and the supernatants were used for determination of amylase activity and protein content. In a survey of amylase activity of the strains, 4-or 5-day-old adult females or males, or third instar larvae of 6 days after hatching, were homogenized in mass in the proportion of one individual per 100 al phosphate buffer. Supernatants were collected with the same procedure mentioned above. All the strains were raised at the same time, and adults and larvae were collected from the same bottle. Because there is a little variation in a developmental rate between strains and even between bottles within the same strain, we collected the third instar larvae just before puparium formation when they crawled up the bottle-wall.
The replication is the assay of samples from different bottles.
In cross experiments, the amylase assay was performed with single 4-or 5-day-old adult females. Each adult female was homogenized in 40 ~cl buffer, centrifuged at 15,000 X g for 2 min at room temperature, and the supernatant was diluted with 80 ,ul buffer and used as enzyme solution.
Assay
A 50 al enzyme solution was added to 1 ml of substrate solution (0.5% Merck soluble starch in phosphate buffer), and after incubation at 30°C for 20 to 80 minutes (depending on the enzyme concentration of the samples) the content of reducing sugar groups released in 200 al aliquots was measured by the Nelson method (Nelson 1944) . One amylase unit was defined as the amount of enzyme which releases 103 ,uM glucose per minute, except in the experiment for the developmental profile of amylase activity, in which activity was expressed as , eg glucose released per minute with Wako soluble starch as substrate.
The protein content of each enzyme solution was measured according to Lowry et al. (1951) .
Electrophoresis
Vertical slab acrylamide gel electrophoresis was carried out at a gel concentration of 11.25% in the discontinuous buffer system of Davis (1964) , using a simplified apparatus (Aotsuka and Asami 1979) . Single flies or flies in may were homogenized in an appropriate volume of buffer and centrifuged a 15,000 X g for 2 min at room temperature, or at 29,000 X g for 20 min a 0°C, respectively.
The supernatants were used as samples. After electrc phoresis for about 4 h at 500 V, gels were incubated in 2 % soluble-starc containing 0.03 M NaCI for 1 h at room temperature, and stained with 0.1 I2-KI solution. Amylase bands appear as non-stained areas against a dart brown or purple background.
RESULTS
Developmental profile of amylase activity
The changes in total amylase activity through development of the TK in bred strain are shown in Fig. 1 . In every stage, males and females wer homogenized together.
The developmental pattern of amylase activity in D. virilis is typically U shaped and similar to that presented by Doane (1969) for D. melanogaster.
Variation of amylase activity among strains
Amylase activity was determined with third instar larvae and adult females and males of ten strains homozygous for the F and eight strains homozygous for the S (Table 1) . It is apparent that there is a high degree of activity variation. Thus, in adult females, the highest value, 184 U (S-VIII) is more than four-fold greater than the lowest value, 40 U (F-I). Similarly, more than three-fold and about five-fold differences exist between the highest and the lowest in adult males (169 U in S-III vs 50 U in F-I) and third instar larvae (152 U in F-III vs 31 U in F-X), respectively. The analyses of variance of activities in adults and larvae presented in Table 2 show that the differences in activities between strains are highly significant for both stages. Activity variation exists within both F and S strains ; the S and the F strains overlap extensively.
In adults, strains with high activity or low activity are characterized as having high activity or low activity in both sexes ; there is no interaction between sex and strain in the analysis of variance (Table 2a) . Thus, there is a high correlation between activity in two sexes as shown in Fig. 2 (r= 0.913, P<0.001). It seems likely that amylase molecules are under the same regulation in both sexes. Activity in females, however, is generally higher than in males (Table 1) ; the difference is statistically significant (Table 2a) . Moreover, the range of variation is larger in females than in males (Table 1) . These made us use females rather than males for further studies of the adults. Table 1 . Levels of amylase activity in 4-or 5-day-old adult flies and 3rd instar larvae of 6-days after hatching from 10 different F strains and 8 different S strains
The relationship between the activity of adult females and that of third instar larvae is very different from the relationship between two sexes mentioned above. Fig. 3 shows that no correlation exists between them (r = 0.383, non-significant).
That is, a strain with high activity in the adult female does not necessarily have high activity in larva, rather it may have high, intermediate, or even low activity (for example, F-IV, see Table 1 and Fig. 3 ) It is probable that the different mechanisms are operating on the determination of amylase activity in two stages, so the analysis of activity in adults and larvae must be carried out separately; in the present study, genetic crosses were made to examine the activity of adult females.
Genetic analysis of amylase activity in adult females
In order to determine the mode of inheritance of amylase activity in females and to ascertain whether the loci (or locus) which control activity are other than the amylase structural locus or not, genetic crosso were made between S-VIII (high activity strain homozygous for S allele) and F-I (low activity strain homozygous for F allele).
The amylase activity in the parental strains and the F1 hybrids are given in Table 3 and Fig. 4 . Activities are expressed as the logarithm of amylase activity, because this conversion seems to make the activity distribution normal. The F1 progeny between the two strains reveals midparental activity in both reciprocal crosses, which indicates that amylase activity is an additive character.
For further analyses, backcrosses of F1 to the parental strains were made (Table 3 and Fig. 5 ). In any cross, the mean and variance of each genotype in the backcross progeny are similar to the corresponding ones in the parental strains (Table 3) activity, Fig. 5 ). Therefore, we can say that the genetic factors controlling amylase activity are located on the fifth chromosome, on which the Amy is also located.
However, it is unclear at this stage whether these factors are identical to the amylase structural gene itself, or not. As it is well-known, recombination occurs freely in Drosophila females but hardly ever in males. So, if these factors could be separable from the Amy in crosses, recombinants would be generated in crosses F1 X ~; parent but not in parent x a F1. We obtained 184 backcross progeny of the former crosses, but no apparent recombinants were identified (Fig. 5, c, d ). Hence, there is no evidence that these factors on the fifth chromosome are different from the Amy.
A result suggesting that genetic factors controlling amylase activity are other than the Amy comes from the electrophoretic zymogram shown in Fig.  6 . The zymogram of a mixture of supernatants from S-VIII and F-I shows the S band as more strongly destained than the F band, which parallels the activity difference between the two strains ( hand, the zymogram of the F1 between S-VIII and F-I reveals two bands of almost equal intensity ( Fig. 6 slots 1 to 4) . This result could not be expected if the difference in amylase activity of the two strains would be due simply to the allelic difference in the amylase structural gene. If it would be so, we could have found the similar zymograms between the mixture of the parents and the F1 progeny. So, it is very likely that there are regulatory factors other than the Amy, which operate in a trans-active manner on the determination of amylase activity.
DISCUSSION
Extensive variation of amylase activity in adults and third instar larvae exists between homozygous strains of D. virilis from Tokyo. Variation occurs both in the F strains and in the S strains, and the two distributions are largely overlapping. Two possible explanations could be given for the mechanisms of this variation in amylase activity. One is that the variation could be due to differences in alleles at the amylase locus; another is that the variation could be due to differences in regulatory factors controlling amylase activity.
Our results suggest the latter to be the case for the following reasons. First, there was no correlation of activity between adult females and larvae. However, in both stages the F strains and the S strains show the F band and the S band, respectively (data are not given), suggesting that the same structural gene is expressed in both stages. So it can be concluded that the mechanisms for the determination of amylase activity in two stages are different from each other and are not attributed simply to the allelic difference in the Amy. Second, in the cross experiments using S-VIII and F-I, we located the genetic factor which determine amylase activity to the fifth chromosome, on which the Amy is also located. The electrophoretic analysis suggested that these factors seem not to be the same gene as the Amy. The zymogram of a mixture of S-VIII and F-I revealed the S band as more strongly destained than the F band. In the zymogram of the F1, however, destaining occurred in both bands to almost the same extent. This observation can be well-explained if we assume the existence of trans-active regulatory factors other than the Amy. The situation is similar to the map gene (the regulatory factor for the distribution pattern of amylase activity in the adult midgut) of D. melanogaster (Abraham and Doane 1978) . In order to confirm this consideration, two additional studies have to be done. First, we must get apparent recombinants between Amy and the regulatory factors, and establish recombinant strains. In the present study, we could not identify recombinants in the progeny of F1 X parent, but it might be because the activities in the backcross progeny are too continuously distributed and/or the number of offspring assayed is too small, to detect the recombinants.
Second, if activity differences between the strains with the same electrophoretic genotype are not due to allelic difference in the Amy, the amylase molecule of high activity strains and that of low activity strains must have the same enzyme kinetic properties (Dickinson 1975) . We have purified amylases from some strains and are now analyzing their properties.
In connection with this subject, we have to survey the natural populations in order to know whether there are allelic variation or not, within the same electrophoretic mobility classes.
Anyway, we are given a very suitable opportunity to study the controlling system of enzyme activity genetically and biochemically.
We will further study the activity variation along the line mentioned above, while efforts will be directed to look for and analyze other types of regulatory systems in D. virilis.
